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ABSTRACT 

The concen t r a t ions  of H', H e + ,  and (O++N+) were measured 

a s  a f u n c t i o n  of a l t i t u d e  from 300 km t o  600 km by means of 

an i o n  m a s s  spec t rometer .  The major c o n s t i t u e n t  w a s  found t o  

be 0 o v e r  t h e  e n t i r e  a l t i t u d e  range ,  dec reas ing  from >99% of 
c + 

1 t h e  t o t a l  ion  d e n s i t y  a t  300 k m  t o  88% a t  600 km. Hydrogen 

and helium ions  were present  as minor c o n s t i t u e n t s  i n c r e a s i n g  

with a l t i t u d e  t o  11% and -1% r e s p e c t i v e l y  a t  600 k m .  A t  t h e  

same t i m e ,  t h e  e3ec t ron  and t o t a l  ion  d e n s i t i e s  and temperature  

were measured and compared by means of r e t a r d i n g  p o t e n t i a l  

a n a l y z e r s .  The ion  temperature  was found t o  increase wi th  

an a l t i t u d e  g r a d i e n t  of 1.7O/km from l l O O o  a t  300 k m  t o  1600° 

a t  600 km. E lec t ron  tempera tures  were found t o  increase 

r a t h e r  sha rp ly  i n  t h e  400 t o  500 km a l t i t u d e  from t h e  f a i r l y  

t y p i c a l  va lue  of 2500° t o  t h e  v e r y  high v a l u e  of 3500° a t  

600 km. Comparisons w i t h  t h e  electron d e n s i t y  p r o f i l e s  ob- 

t a i n e d  from t h e  Wallops I s l and  ionosonde s t a t i o n  and from t h e  

1 t o p s i d e  sounder Alouet te  I1 showed good agreement. Rela t ion-  

s h i p s  among t h e  obse rvab le s ,  and with t h e  i n f e r r e d  n e u t r a l  

gas  temperature  of 1060° are d iscussed .  The ARGO D-4 

rocket  c a r r y i n g  t h e  payload w a s  launched from Wallops I s l a n d ,  

V i r g i n i a ,  a t  15:29 hours ,  l o c a l  t i m e  October 6 ,  1966. 



INTRODUCTION 

A complete d e s c r i p t i o n  of t h e  upper ionosphere involves  

s o l u t i o n  of t h e  c o n t i n u i t y  and energy conduction equa t ions  

under s u i t a b l e  boundary cond i t ions  for  a rather large number 

of v a r i a b l e s .  V a r i a t i o n s  of t h e  basic energy input  provided 

by t h e  sun occur  both ttrandomlytT - e.g.  some solar  d i s t u r b a n c e s  - 
and cohe ren t ly ,  t h e  more ev iden t  v a r i a t i o n s  having t h e  d i u r n a l ,  

s easona l ,  and solar  c y c l e  p e r i o d i c i t i e s .  Observat ions provided 

by experiments  carried on s a t e l l i t e s  can provide s p e c i f i c a t i o n  

of some of t h e  average boundary c o n d i t i o n s  a t  p a r t i c u l a r  

a l t i t u d e s ,  b u t  cannot provide v e r t i c a l  p ro f i l e s  of t h e  parameters  

for a p a r t i c u l a r  t i m e .  Comprehensive ver t ica l  soundings 

of t h e  ionosphere are e s s e n t i a l  t o  correct ly  assess t h e  

v a l i d i t y  of theoret ical  d e s c r i p t i o n s  of t h e  c h e m i s t r y  and 

energy exchange w i t h i n  t h e  upper ionosphere and it is  toward 

t h i s  end t h a t  t h e  p re sen t  research is directed,  A r e c e n t  

review of t h i s  f i e l d  is g iven  b y  Bauer (1968). 

The h i s t o r y  of i n  s i t u  obse rva t ions  of t h e  ionosphere 

began r e l a t i v e l y  r e c e n t l y ,  bu t  b y  p re sen t  measures there 

has  been only a s m a l l  amount of v e r t i c a l  sounding data ob- 

t a i n e d  compared, e .g . ,  t o  t h e  many hours  of s a t e l l i t e  data 

already publ ished.  In  a d d i t i o n  t o  pauc i ty  of data,  t h e  

i n t e r p r e t a t i o n  of v e r t i c a l  sounding r e s u l t s  is f u r t h e r  

complicated by t h e  fac t  t h a t  t h e  d i f f i c u l t y  of some of t h e  

experiments has  n o t  allowed measurement of more t h a n  s e v e r a l  
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of t h e  s i g n i f i c a n t  parameters by a p a r t i c u l a r  payload. 

Although it is s t i l l  not p o s s i b l e  f o r  a s ing le  payload t o  

o b t a i n  measurements from, s a y ,  t h e  D reg ion  t o  t h e  lower 

exosphere,  it is p o s s i b l e  t o  o b t a i n  measurements over  a 

s i g n i f i c a n t  f r a c t i o n  of t h a t  a l t i t u d e  i n t e r v a l .  The ob- 

jectives of t h e  p re sen t  experiment were t o  measure t h e  ion  

composition of t h e  major and l i g h t  minor ions  a s  w e l l  as  

t h e  e l e c t r o n  and ion  tempera tures  and t h e i r  t o t a l  concen- 

t r a t i o n  i n  t h e  lcegion from t h e  F l a y e r  t o  payload apogee. 

The r e s u l t s  presented  he re  were obta ined  from NASA payload 

8.38 launched from t h e  Wallops I s l a n d ,  V i rg in i a  f a c i l i t y  a t  

15:29 EST, October 6 ,  1966. An a l t i t u d e  of 640'km w a s  ob- 

t a i n e d  by t h e  payload of t h e  ARGO D-4 r o c k e t .  

Direct obse rva t ions  of t h e  ionosphere have t r a d i t i o n a l l y  

been suspec t  because of t h e  p o s s i b i l i t y  of contamination of 

t h e  environment by outgass ing  from heated rocke t  components 

such as t h e  nose cone or l a s t  s t a g e  cas ing .  To minimize t h i s  

p o s s i b i l i t y  t h e  payload w a s  s epa ra t ed  from t h e  4 th  s t a g e  by 

means of t h e  s tandard  s e p a r a t i o n  device  a v a i l a b l e  f o r  t h e  

D-4. The s t anda rd  f i b e r g l a s s  no i se  cone used wi th  t h e  D-4 

deployed forward of t h e  payload t o  uncover t h e  va r ious  

experiments.  To prevent  t h e  sampling of t h e  nose cone wake 

and outgass ing  products  a weight w a s  deployed from t h e  

sepa ra t ed  nose cone t o  p l ace  it i n  a b a l l i s t i c  t r a j e c t o r y  

s l i g h t l y  d i f f e r e n t  from t h a t  of t h e  payload. 
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I I. INSTRUMENTATION 

The payload ins t rumenta t ion  c o n s i s t e d  b a s i c a l l y  of 5 

experiments:  1. a medium r e s o l u t i o n  m a s s  spectrometer  capable  

of scanning t h e  mass range from 1 t o  20 AMU. 2. A p lanar  

e l e c t r o n  r e t a r d i n g  p o t e n t i a l  ana lyze r .  3. A p lanar  Langmuir 

probe. 4. A p l ana r  i on  r e t a r d i n g  ana lyzer .  5, A VLF 

r e c e i v e r  and plasma s t imu lus  experiment instrumented by 

R, E.  Bar r ington  of t h e  Defence Research Telecommunications 

Es tab l i shment ,  Canada. 

The m a s s  spectrometer  w a s  of t h e  Wien v e l o c i t y  f i l t e r  

t ype  s i m i l a r  t o  t h e  instrument  used by Og i lv i e  e t  a1 (1968) 

for  obse rva t ions  of H+ and He++ energy s p e c t r a .  

dev ice ,  t h e  d e t e c t e d  p a r t i c l e s  are those  which t r a v e r s e  a 

s t r a i g h t  l i n e  trajectory through crossed  electric and magnetic 

f i e l d s ,  To use t h i s  t ype  of instrument  f o r  m a s s  d i s c r i m i n a t i o n  

of low energy i o n s ,  it is necessary t o  accelerate a l l  t h e  i o n s  

t o  some a p p r o p r i a t e  energy (400eV) such t h a t  t h e  r e s u l t a n t  

In  t h i s  

v e l o c i t y  spread, p ropor t iona l  t o  can be observed as  a 

measure of t h e  mass of t h e  ion .  A diagram of t h e  instrument  

is shown i n  F ig .  1. With a f i x e d  magnetic f i e l d  of 1100 gauss ,  

and an i on  energy of 400eV, t h e  electric f i e l d  r equ i r ed  t o  

scan the  m a s s  range from 0.5 t o  25 AMU w a s  provided by a 

sweep v o l t a g e  which decreased exponent ia l ly  from 1400 v o l t s  

t o  200 v o l t s  i n  10 seconds. Note t h a t  t h e  swept electric 

f i e l d  r eg ion  and t h e  magnetic f i e l d  reg ion  a r e  completely 

contained w i t h i n  t h e  magnetic yoke which is a t  -400 v o l t s  
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w i t h  r e spec t  t o  t h e  payload s t r u c t u r e .  Thus t h e  leakage 

f i e l d s  i n t e r a c t i n g  w i t h  t h e  ambient medium are cons tan t  

throughout t h e  mass sweep of t h e , i n s t r u m e n t .  Mass selected 

ions  were detected by means of an e l e c t r o n  m u l t i p l i e r  a t  t h e  

e x i t  a p e r t u r e  of t h e  v e l o c i t y  s e l e c t o r .  As shown i n  Fig.  1, 

t h e  e n t i r e  spectrometer  and e l e c t r o n  m u l t i p l i e r  assembly w a s  

contained i n  an evacuated chamber. A one inch  opening w a s  

uncovered when t h e  payload reached an  a l t i t u d e  of 200 k m ,  

exposing t h e  -5 v o l t  ion  draw i n  p l a t e  con ta in ing  t h e  en t r ance  

a p e r t u r e .  To f a c i l i t a t e  t h e  p re - f l i gh t  c a l i b r a t i o n  procedure 

and t o  accommodate t h e  electronic components conta ined  w i t h -  

i n  t h e  spectrometer  vacuum a s s e m b l y ,  a 1 li ter/sec vac-ion 

pump w a s  kept ope ra t ing  from w e l l  be fo re  launch u n t i l  f r o n t  

cap deployment so t h a t  v a l i d  d a t a  could be obtained immediately, 

without a de lay  f o r  t h e  spectrometer  t o  pump down t o  t h e  

ambient p r e s s u r e .  

The ion  and e l e c t r o n  r e t a r d i n g  a n a l y z e r s  were of t h e  

p l ana r  multi-gridded t y p e  similar t o  those  used by o t h e r  

i n v e s t i g a t o r s  (Bourdeau e t  a l ,  1961). The sweep voltage 

excursion w a s  three v o l t s ,  for t h e  electron t rap  ranging f r o m  

-1 t o  +2 v o l t s ,  and app l i ed  t o  t h e  o u t e r  g r i d ,  whereas fo r  

t h e  ion t r a p  it ranged from 0 t o  +3 v o l t s  and w a s  appl ied t o  

t h e  g r i d  behind t h e  grounded o u t e r  g r i d .  Several  p recau t ions  

were taken  to preclude d i s t o r t i o n  of t h e  response f u n c t i o n s  

of t h e  r e t a r d i n g  analyzers as a r e s u l t  of t h e  v e h i c l e  po ten t i a l  

s h i f t s  caused by t h e  v a r i a t i o n s  of p o t e n t i a l s  on exposed e l e c t r o d e s .  
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The r e t a r d i n g  v o l t a g e s  f o r  t h e  t w o  t r a p s  were he ld  c o n s t a n t ,  

and then  v a r i e d  l i n e a r l y  with t i m e ,  wi th  an a p p r o p r i a t e  

phase s h i f t  such t h a t  while  one sweep w a s  developing t h e  re- 

t a r d i n g  func t ion  t h e  sweep on t h e  o t h e r  t r a p  w a s  he ld  a t  a 

cons t an t  p o t e n t i a l .  In  a d d i t i o n  t o  i s o l a t i n g  t r a p  i n t e r -  

a c t i o n s ,  t h e  cons t an t  p o t e n t i a l  po r t ions  of t h e  sweep f u n c t i o n s  

permit s tudy of a t t i t u d e  dependence of t h e  observed c u r r e n t s .  

Operation of t h e  VLF s t imu lus  w i l l  no t  be d iscussed  i n  t h i s  

paper o t h e r  than  t o  mention the  i n t e r a c t i o n  w i t h  t h e  r e t a r d i n g  

ana lyze r .  

high amplitude pu l se  followed by  a VLF sweep of about 20 v o l t s  

amplitude.  A "chopping" of t h e  t r a p  response c u r r e n t s  occurred 

as t h e  s t imu lus  sweep frequency passed w i t h i n  t h e  bandpass of t h e  

r e t a r d i n g  ana lyze r  electrometers and t h e i r  s u b c a r r i e r s ,  enabl ing  

observa t ion  of a v a r i a t i o n  i n  v e h i c l e  p o t e n t i a l  which w a s  

presumably p resen t  a t  a l l  t i m e s  dur ing  a p p l i c a t i o n  of t h e  

s t imu lus  p o t e n t i a l .  I n  a n t i c i p a t i o n  of t h i s  e f f e c t ,  t h e  VLF 

s t imu lus  w a s  opera ted  a t  a l o w  (20%) duty cycle t o  enable  

s e l e c t i o n  of r e t a r d i n g  ana lyze r  data obtained when t h e  s t imu lus  

w a s  o f f .  

The 20 inch s t imu lus  antenna w a s  e x c i t e d  by a s h o r t ,  

111 ~ DATA REDUCTION 

The payload w a s  not despun so t h a t  s p i n  s t a b i l i z a t i o n  of 

t h e  payload would be e f f e c t i v e  throughout much of t h e  up l e g  

of t h e  t r a j e c t o r y ,  af ter  which angular  momentum coupled i n t o  

payload body axes  other  than  t h e  a x i s  of symmetry .  To re- 

duce t h e  angle  between t h e  spec t rometer  a x i s  and t h e  v e l o c i t y  

v e c t o r ,  t h e  spec t rometer  w a s  i n c l i n e d  so f r o m  t h e  nominal Spin 
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a x i s  of t h e  payload. 

ha l f  angle  cone about 4 t i m e s  each second. The mass scan 

t i m e  of 10 seconds was selected t o  i n s u r e  data a t  each mass 

of i n t e r e s t  f o r  t h e  most-forward looking d i r e c t i o n  of t h e  

Thus, t he  spectrometer  scanned an 8 O  

c o n i c a l  s u r f a c e  scanned. T h i s  s p i n  modulation of each of 

t h e  mass peaks enabled selection of t h e  a p p r o p r i a t e  measure- 

ments for  which t h e  spectrometer  a x i s  w a s  almost a long t h e  

payload v e l o c i t y  v e c t o r .  As expected,  t h e  depth of the  

s p i n  modulation w i t h i n  each of t h e  mass peaks was mass 

dependent and v a r i e d  w i t h  p o s i t i o n  along t h e  v e h i c l e  t r a j e c t o r y .  

The r a t i o  of t h e  maximum observed c u r r e n t  t o  t h e  minimum ob- 

served c u r r e n t  v a r i e d  from -1 and 1 .5  for H+ and 0' r e s p e c t i v e l y  

* 

a t  330 km t o  1.5 and 5 a t  600 km. On t h e  down leg  of t h e  

f l i g h t  t h e  payload precess ion  became more seve re  caus ing  t h e  

IIforward looking" experiments t o  scan  a very large range 

of ang le s  w i t h  respect t o  t h e  v e l o c i t y  v e c t o r .  Thus t h e  

maximum c u r r e n t  r a t i o s  became 2 fo r  H+ and 200 for  0'. 

These c u r r e n t  ra t ios  are c o n s i s t e n t  w i t h  t h e  i n t e r a c t i o n  

of t h e  payload v e l o c i t y ,  t he  ang le  of attack, t h e  moderate 

(5 v o l t )  d raw- in-poten t ia l ,  and t h e  h igher  thermal  v e l o c i t y  

for protons as compared t o  t h a t  fo r  0' i o n s  a t  a comparable 

tempera ture ,  F igu re  2 is a plot  of t h e  spectrometer  ou tput  

current 88 ampl i f ied  by  t h e  e l e c t r o n  m u l t i p l i e r .  D a t a  

p raasn tsd  were obtained when t he  payload was looking m o s t  

nsarly along the velocity veo:toar, The downleg data included 
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are no t  used i n  the fo l lowing  d i scuss ion  bu t  are presented  

t o  i l l u s t r a t e  t he  onse t  of a t t i tude-dependent  dev ia t ions .  

The e l e c t r o n  t r a p  response cu rves  were used t o  determine 

both t h e  e l e c t r o n  dens i ty  p r o f i l e  and t h e  e l e c t r o n  temperature  

prof i le .Bourdeau e t  a1 (1961) and others have used t h e  

r e l a t i o n  I = Q N e  7/2& t o  re la te  t h e  e f f e c t i v e  g r i d  

t ransparency  01, t h e  e l e c t r o n  dens i ty  N ,  and t h e  mean thermal 

v e l o c i t y  v" t o  t h e  observed c u r r e n t  i n  t h e  " sa tu ra t ion  

c u r r e n t  region" of a p l ana r  r e t a r d i n g  ana lyze r  response 

func t ion .  Using a va lue  f o r  01 of 0 .65 r e s u l t e d  i n  an  

e l e c t r o n  dens i ty  a t  250 km ag ree ing  w e l l  w i t h  t h e  r e s u l t  

ob ta ined  from t h e  Wallops I s l and  ionosonde s t a t i o n  for the  

e l e c t r o n  dens i ty  a t  Fmax. 

t a i n e d  i n  t h e  s t anda rd  manner from t h e  logarithmic decrement 

of t h e  c u r r e n t  response w i t h  app l i ed  r e t a r d i n g  vo l t age .  N e  

and Te are shown in Figures  he e l e c t r o n  dens i ty  

p r o f i l e  for t h e  descent  p a r t  of t h e  f l i g h t  was i n  good agree- 

ment w i t h  t h a t  shown i n  t h e  f i g  re f o r  t h e  a scen t .  A s  can 

be s e e n ,  t h e  change i n  t h e  e l e c t r o n  temperature  g rad ien t  i n  

t h e  a l t i t u d e  i n t e r v a l  400-500 km w a s  s u b s t a n t i a t e d  by t h e  

descent  l e g  data. 

E lec t ron  tempera tures  were ob- 

A l s o  included i n  F igure  4 is an  e l e c t r o n  temperature  

measurement obta ined  by J. Donley ( p r i v a t e  communication) 

f r o m  an  experiment on Explorer  31. 

a t  1100 k m  over  t h e  Wallops I s l and  launch s i t e  w a s  observed 

on 8/15/66 a t  a local t i m e  comparable t o  t h a t  of t h e  launch. 

A temperature  of 3800° 
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Analysis  of t h e  ion  response c h a r a c t e r i s t i c  w a s  carried 

o u t  on t h e  assumption t h a t  t h e  v a r i o u s  ion  s p e c i e s w e r e  z l t  

t h e  same temperature .  S l i g h t  d i f f e r e n c e s  between t h e  

temperature  of H+ and O+ or s l i g h t  d e v i a t i o n  of t h e  H+ 

v e l o c i t y  d i s t r i b u t i o n  from Maxwellian as  calculated by 

Banks (1968) w i l l  have l i t t l e  effect on t h e  response curve.  

The observed curves  were compared t o  t h e  t h e o r e t i c a l  

curves  f@n t h e  responses  of t h e  p l ana r  r e t a r d i n g  ana lyzer  to 

a mul t i - cons t i t uen t  plasma (Bourdeau et  a l ,  1961) us ing  a 

t ransparency factor X=0.85. The va r ious  c o n s t i t u e n t s  w e r e  

t aken  t o  be p resen t  i n  t h e  percentages measured by t h e  

spectrometer  and good agreement w a s  ob ta ined  fo r  t h e  ion  

temperatures  and d e n s i t i e s  as given i n  F igures  3 and 

Inc lus ion  i n  t h e  theoretical f u n c t i o n  of t e r m s  for s m a l l  

admixtures of molecular i o n i c  s p e c i e s  d id  not  s i g n i f i c a n t l y  

a l t e r  the  f i t  t o  t h e  data and it is judged t h a t  there w a s  no 

s i g n i f i c a n t  molecular component above 300 km for t h e  case 

i n  ques t ion ,  

IV. RESULTS AND DISCUSSIONS 

Figure 5 shows t h e  a l t i t u d e  dependence of t h e  d e n s i t i e s  

of t h e  three s p e c i e s  observed. Because t h e  r e s o l u t i o n  of 

t h e  spectrometer  w a s  no t  adequate t o  r e s o l v e  0' and Nf, t h e  

curve  f o r  t h e  heavy atomic s p e c i e s  r e p r e s e n t s  t h e  sum of t h e  

concen t r a t ions  of 0' and t h e  r e l a t i v e l y  minor, but  poss ib ly  

s i g n i f i c a n t  s p e c i e s  N'. 
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The abso lu te  s e n s i t i v i t i e s  of t h e  instrument  fo r  t h e  

m a s s  range of i n t e r e s t  w e r e  measured i n  t h e  l abora to ry  over 

t h e  energy range 20 e V  t o  200 e V  us ing  sepa ra t ed  ion  beams. 

Using t h e  e x t r a p o l a t i o n  of these curves  t o  10 e V ,  it w a s  

found t h a t  t h e  s e n s i t i v i t y  f o r  H+ w a s  about 0.6 t i m e s  t h a t  

for 0'. T h i s  r a t io  is ( a c c i d e n t a l l y )  c l o s e  t o  t he  inve r se  

of t h a t  expected v i a  t h e  enhanced coupl ing of l i g h t  i ons  as 

a consequence of t h e i r  h ighe r  ra t io  of thermal v e l o c i t y  t o  

rocket v e l o c i t y .  Hence t h e  basic c u r r e n t s  measured have 

been regarded as  p ropor t iona l  t o  t h e  ambient d e n s i t y  and have 

been converted t o  d e n s i t y  by normalizing t o  t h e  ionogram 

r e s u l t  a t  Fmax. 

There are 'a number of i n t e r e s t i n g  f e a t u r e s  e v i d e n t  

i n  t h e  a l t i t u d e  d i s t r i b u t i o n s  of F igure  5 .  Atomic oxygen 

ions  were t h e  major c o n s t i t u e n t  a t  a l l  a l t i t u d e s  observed. 

Hydrogen ions  w e r e  p re sen t  throughout t h e  f l i g h t ,  t h e i r  

concen t r a t ion  i n c r e a s i n g  t o  9000 ions  emo3 ( 0 . l l  Ne) a t  600 km. 

H e l i u m  ions  w e r e  detectable above 430 km, but  t h e i r  eoncen- 

t r a t i o n  never exceeded 1% of t h e  total charged p a r t i e  

In a d d i t i o n  t o  t h e  rocke t  data, some p o i n t s  from a t o p s i d e  

sounder p r o f i l e  recorded on Augus 5 ,  1966 and analyzed by 

J, E .  Jackson ( p r i v a t e  communication) are shown as circles 

The sounder d a t a ,  ob ta ined  a t  a corresponding 

l a t i t u d e  and t i m e ,  show a t o p s i d e  scale h e i g h t  of 150 km, 

i n  agreement w i t h  t h a t  of t h e  present  measurement. 
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The K p  i n d i c e s  f o r  August 5 and October 6 ,  1966 were, 

r e s p e c t i v e l y ,  18 and 27 , implying comparable ac t iv i t ies  

and n e u t r a l  gas tempera tures  fo r  t h i s  t i m e  of r i s i n g  solar  

a c t i v i t y .  Brace e t  a1 (1968) have presented  r e s u l t s  from 

Explorer  22 desc r ib ing  the  gene ra l  (claytfme) i nc rease  of 

e l e c t r o n  d e n s i t y  and temperature  a t  -1000 km a l t i t u d e  dur ing  

three years of t h e  inc reas ing  a c t i v i t y  phase of t h e  solar 

cycle. The d a t a  which t h e y  p re sen t  were obta ined  i n  January 

of t h e  years 1965, 1966 and 1967 and t h u s  are not  d i r e c t l y  

comparable wi th  t h e  p re sen t  data due t o  t h e  d i f f e r e n t  solar  

z e n i t h  ang le s  i n  t h e  no r the rn  l a t i t u d e s ,  but  t h e  gene ra l  

agreement is good i f  our  dens i ty  and temperature  p r o f i l e s  

are e x t r a p o l a t e d  t o  1000 km. I t  should be mentioned t h a t  

t he  plasma parameters a t  middle t o  high l a t i t u d e s  are especially 

s e n s i t i v e  t o  s h o r t  term v a r i a t i o n s  of energy input  as evidenced,  

for  example, by t h e  v a r i a t i o n s  w i t h i n  t h e  January 1967 

data presented  by Brace e t  a1 (1968) i n  t h e i r  F igu res  1 and 2 .  

Bauer (1964) has  poin ted  out  t h a t  a study of t h e  ra t ios  

of H+ concen t r a t ion  t o  t h e  concen t r a t ion  of o t h e r  i ons  

can o f t e n  be more informat ive  than  t h e  a b s o l u t e  measurements 

themselves.  For example, systematic e r r o r s  a s s o c i a t e d  w i t h  

the  coupl ing between t h e  plasma and t h e  spectrometer w i l l  

t end  t o  c a n c e l ,  r e s u l t i n g  i n  greater accuracy i n  t he  deter- 

mination of t h e  ratios o f ' t h e  concen t r a t ion ,  In a d d i t i o n ,  many 

a l t i tude  dependences of par t ia l  concen t r a t ions  c o n t a i n  

ratlare gradbents .  Thus 
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n 

some t e r m s  w i l l  c ance l  i n  t h e  r a t i o ,  and it may be p o s s i b l e  

t o  more c l ea r ly  d i s t i n g u i s h  t h e  dominant c o n t r o l l i n g  process .  

Equation 1 is t h e  expression f o r  H+ concen t r a t ion  i f  charge 

exchange w i t h  0 is t h e  c o n t r o l l i n g  r e a c t i o n  (Hanson and 

Ortenburger ,  1961) . 

Thus although n(H+) depends on t h e  a l t i t u d e  d i s t r i b u t i o n  of 

both t h e  n e u t r a l  gas  and O + ,  t h e  r a t i o  

Tn 9 
is a func t ion  only of t h e  temperature  of t h e  n e u t r a l  g a s ,  

and t h e  geopo ten t i a l  energy. In  t h i s  express ion  M and MH+ 

denote  t h e  masses of atomic oxygen and hydrogen, g is t h e  

g r a v i t a t i o n a l  a c c e l e r a t i o n ,  z is t h e  a l t i t u d e ,  and k is t h e  

Boltzmann c o n s t a n t .  

0' 

The l e f t  curve of Figure 6 is a p l o t  of t h e  H+/O+ r a t io  

v s .  payload a l t i t u d e .  From t h e  observed cons tan t  scale height* 

of 58 k m  f r o m  about 300 t o  550 km, w e  conclude t h a t  i f  chemical 

equi l ibr ium is obtained between hydrogen and oxygen t h e  

n e u t r a l  gas  temperature  is 1040O. Th i s  temperature  is i n  

e x c e l l e n t  agreement w i t h  t h e  n e u t r a l  temperature  of 1020° 

given by Chandra and Krishnamurthy's (1968) model based on 

t h e  l Q c m  f l u x  and t h e  p l ane ta ry  magnetic index f o r  October 6 ,  

1966. 

*In t h i s  paper ,  t h e  scale he ight  is def ined  t o  inc lude  t h e  

s i g n  of t h e  exponent such t h a t  H>O denotes  a concent ra t ion  
i n c r e a s i n g  w i t h  a l t i t u d e  as exp(z/H) e 
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The equi l ibr ium equat ions  f o r  t h e  forces on ions  of masses 

m assumed t o  be p e r f e c t  gasses a t  t h e  same temperature  Ti, are: 3' 

(3) dP j az + n.m.g - n.eE = 0 
J J  J 

where P is the  p a r t i a l  p re s su re  n.kTi of s p e c i e s  j, and E is  t h e  
j J 

electr ic  f i e l d ,  To s o l v e  f o r  t h e  a l t i t u d e  d i s t r i b u t i o n s  of t h e  

va r ious  s p e c i e s  r e q u i r e s  t h e  s o l u t i o n  of these equat ions  and a 

similar one f o r  t h e  e l e c t r o n  parameters under t h e  a d d i t i o n a l  

c o n s t r a i n t  of charge n e u t r a l i t y  ne = C n 

1966).  Two of equat ions  (3) f o r  ion s p e c i e s  1 and 2 can be 

(Mange, 1960; Bauer, 
j 

combined t o  e l imina te  t h e  e lectr ic  f i e l d ,  t h e  r e s u l t  being 

(4) 

which depends only on t h e  ion temperature ,  and not t h e  e l e c t r o n  

or n e u t r a l  gas  tempera tures .  

au tho r s  t h a t  t h e  d i f f u s i v e  equi l ibr ium and chemical equi l ibr ium 

scale h e i g h t s  fo r  H+ i n  0' a r e  i d e n t i c a l .  

I t  has  been observed by many 

W e  po in t  o u t ,  however, 

t h a t  t h i s  is t r u e  only f o r  t h e  case of thermal equi l ibr ium 

between t h e  ions  and n e u t r a l s .  Thus t h e  depa r tu re  near  550 km 

of t h e  n(H+)/n(O+) scale he ight  (Fig.  6)  from its va lue  of 

58 k m  a t  lower a l t i t u d e s  is evidence of t h e  t r a n s i t i o n  from 

chemical t o  d i f f u s i v e  equi l ibr ium involv ing  an ion  temperature  

greater than  t h e  n e u t r a l  gas  temperature .  

Applying equat ion  4 t o  t h e  s p e c i e s  H+ and H e + ,  t h e  r a t i o  

of t h e  concen t r a t ions  of these i o n s ,  f o r  the case of d i f f u s i v e  

e q u i l i b r i u m , i s  expected t o  inc rease  w i t h  a l t i t u d e  as 
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From t h e  r i g h t  curve  of F igure  6 it can be seen  t h a t  there 

is a change of s l o p e  nea r  530 km w i t h  q u a l i t a t i v e  (and 

probably q u a n t i t a t i v e )  agreement w i t h  a 500 k m  scale he igh t  

above t h a t  a l t i t u d e  . 
Returning now t o  cons ide ra t ion  of t h e  a l t i t u d e  p r o f i l e s  

of the  concen t r a t ions ,  Table  I summarizes some of t h e  ob- 

s e r v a t i o n s  which can be deduced f r o m  t h e  data. We compare 

t h e  observed scale h e i g h t s  (column 3) t o  scale h e i g h t s  

c a l c u l a t e d  on t h e  b a s i s  of as many a s  4 d i f f e r e n t  classes 

of theoretical  a l t i t u d e  d i s t r i b u t i o n s  (columns 4 t h r u  7 ) .  

These are f o r ,  r e s p e c t i v e l y ,  t h e  a p p r o p r i a t e  chemical c o n t r o l  

equat ions ,  t h e  d i f f u s i v e  equi l ibr ium equat ions  w i t h  or w i t h -  

ou t  t h e  temperature  g rad ien t  t e r m s ,  and t h e  a l t i t u d e  dependence 

inc lud ing  t h e  effects of t h e r m a l  d i f f u s i o n  as  eva lua ted  

by Walker (1967). 

The O+ concen t r a t ion  w a s  found t o  decrease w i t h  a scale 

he ight  of -160 km i n  t h e  a l t i t u d e  range from 350 t o  550 k m .  

Using t h e  measured temperatures  and measured temperature  

g r a d i e n t s  i n  t h i s  r eg ion ,  w e  found a d i f f u s i v e  equi l ibr ium 

scale he igh t  of -151 km. If t h e  temperature  g r a d i e n t  t e r m  

is not  included i n  t h e  c a l c u l a t i o n ,  t h e  r e s u l t a n t  scale 

he ight  i f  -254 km, i n  clear disagreement w i t h  t h e  observa t ion .  

Thus it can be concluded t h a t ,  f o r  these da ta ,  oxygen ions  

are i n  d i f f u s i v e  equi l ibr ium i f  proper account is taken  of a l l  

the t e r m s  i n  t h e  d i f f u s i v e  equi l ibr ium r e l a t i o n s h i p  and it 

is not  necessary t o  invoke any parameters other than  t h e  
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plasma composition and temperature .  

has  been reached by B.  C .  Narasinga Rao (1968) who p r e s e n t s  

an  i n t e r p r e t a t i o n  of d a t a  from a rocket launched i n t o  a con- 

s i d e r a b l y  cooler n e u t r a l  gas  atmosphere. 

A s i m i l a r  conclusion 

Hydrogen ions  fo l low a scale he igh t  of 90 k m  over  t h e  

range from 350 t o  450 km. T h i s  is i n  good agreement w i t h  

t h e  a l t i t u d e  dependence based on charge exchange wi th  0 as 

t h e  c o n t r o l l i n g  mechanism. A t  t h e  h ighe r  a l t i t u d e s ,  t h e  

observed scale he igh t  is i n  b e s t  agreement wi th  t h a t  c a l c u l a t e d  

based on d i f f u s i v e  equ i l ib r ium inc luding  t h e  observed temperature  

g r a d i e n t s .  The r e l a t i v e l y  l o w  apogee d i d  not  a l low u s  t o  

conclus ive ly  exclude the  p o s s i b i l i t y  of thermal  d i f f u s i o n  

o r - a  d i r e c t e d  f l o w  c o n t r i b u t i n g  t o  t h e  a l t i t u d e  dependence. 

- 

Helium i o n s ,  f i r s t  observed nea r  430 km a t  a d e n s i t y  of 

200 cm-39 followed a scale he ight  of 60 km. 

q u a l i t a t i v e  agreement wi th  t h e  scale he igh t  c a l c u l a t e d  based 

on t h e  r e a c t i o n  w i t h  N2 (Bauer, 1966). A t  h ighe r  a l t i t u d e s ,  

t h e  inc reas ing  d e n s i t y  y i e l d s  quickly t o  ( a t  500 km) an 

e s s e n t i a l l y  cons t an t  d e n s i t y  cond i t ion  which o b t a i n s  u n t i l  

T h i s  is i n  

payload apogee. The un fo r tuna te ly  l o w  apogee does not  a l l o w  

u s  t o  comment on t h e  helium d i s t r i b u t i o n  above t h i s  t r a n s i t i o n  

reg ion .  

F i n a l l y ,  w e  can  b r i e f l y  summarize t h e  temperature  

r e s u l t s  p re sen t  i n  an  earlier s e c t i o n .  The e l e c t r o n  

temperature  increased  f r o m  about 2500° a t  300 km t o  

3800° above 600 km,  wi th  a region of enhanced 
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temperature  g r a d i e n t  from 400 t o  500 km a l t i t u d e .  The 

measured ion  temperature  increased  from about 1000°, i n  

agreement w i t h  bo th  t h e  i n f e r r e d  and model gas temperature  

a t  300 km, t o  l 6 O O 0  a t  600 k m  a l t i t u d e .  

a l t i t u d e  a t t a i n e d  by t h e  payload t h e  i o n s  are no t  i n  thermal  

equ i l ib r ium wi th  e i ther  t h e  exospher ic  gas  or t h e  e l e c t r o n s .  

Banks (1967) h a s  used t h e  ion  temperature  f r a c t i o n a l  s e p a r a t i o n  

X = (Ti-T ) / (T -T ) as a parameter i n  d i s c u s s i n g  t h e  problem 

of ion  temperature  coupl ing  w i t h i n  t h e  ionosphere.  For t h e  

data obta ined  from 8.38, X i n c r e a s e s  f om e s s e n t i a l l y  z e r o  

at 'max 
X<& for which Banks found t r a n s p o r t  e f f e c t s  t o  be unimportant.  

Thus a t  t h e  apogee 

n e n  

t o  0.2 a t  600 km. Thus these d a t a  are i n  t h e  regime 
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FIGURE CAPTIONS 

Figure  1 - Diagram of t h e  ion  m a s s  spectrometer  as implemented 

f o r  NASA 8.38. 

Figure  2 - Spectrometer e l e c t r o n  m u l t i p l i e r  anode c u r r e n t  

f o r  t h e  three mass groups,  H', H e + ,  and (N++O+), 

for t h e  upleg and p a r t  of t h e  downleg of NASA 8.38. 

Figure  3 - Elec t ron  and ion  d e n s i t y  p r o f i l e s  as measured by 

t h e  r e t a r d i n g  p o t e n t i a l  ana lyze r .  Downleg data 

f o r  t h e  electron r e t a r d i n g  p o t e n t i a l  ana lyze r ,  

not  shown f o r  c l a r i t y ,  w e r e  i n  very good agreement 

w i t h  t h e  upleg data .  Ion t r a p  r e s u l t s  f o r  t h e  down- 

leg d i f f e r  from upleg as a consequence of t h e  poor 

v e h i c l e  a t t i t u d e .  

F igure  4 - A l t i t u d e  p r o f i l e s  of t h e  e l e c t r o n  and ion  tempera- 

t u r e  as  measured on NASA 8.38. 

Figure  5 - Summary of t h e  p a r t i a l  ion  and t o t a l  charged p a r t i c l e  

concen t r a t ions .  The curve  f o r  z < 260 k m ,  l abe led  

ionogram, w a s  obtained from an ionogram recorded 

a t  t h e  Wallops I s l and  ionosonde s t a t i o n  dur ing  t h e  

t i m e  of t h e  f l i g h t .  The circles denote  e l e c t r o n  

d e n s i t y  d a t a  p o i n t s  obtained from an Alouet te  t o p s i d e  

sounder ionogram which w a s  recorded August 5 ,  1966. 
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Figure  6 - A l t i t u d e  p r o f i l e s  of t h e  ratios of i o n  concen- 

t r a t i o n s  as  measured by t h e  spectrometer on 

NASA 8 . 3 8 .  

Table 1 - Summary of observed and c a l c u l a t e d  scale h e i g h t s  

f o r  var ious  parameters and a l t i t u d e  i n t e r v a l s .  
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